Objective: To investigate the effect of surgical decompression on painful diabetic peripheral neuropathy (DPN) patients and discuss the role which pain distribution and characterization play in the management of painful DPN as well as the underlying mechanism involved.
Introduction
There are over 250 million people in the world with type 1 and 2 diabetes mellitus. [1] Neuropathy is one of the most common complications of diabetes mellitus and leads to increasingly high morbidity and mortality, resulting in a huge economic burden for diabetes care. [2] Diabetic neuropathy is a heterogeneous condition containing symmetrical neuropathies and focal neuropathies, [3] presenting diverse clinical manifestations. Of all the neuropathies in diabetes, chronic diabetic peripheral neuropathy (DPN) is the commonest. [4] Of all the symptoms in DPN, pain is the most distressing and is the main factor that prompts the patients to seek medical advice. [5] One-third of diabetic patients have symptoms of neuropathic pain according to a recent community-based study [6] and up to 15-20% of patients with DPN may experience painful symptoms. [7] Therefore, a high proportion of patients are suffering from neuropathic pain as well as the relative depression, anxiety and sleep deprivation.
The management of neuropathic pain in diabetes still remains challenging mainly due to its various clinical features, wide spectrum severity and different distribution involved. Descriptions of pain can be burning, prickling, lancinating, shooting, cramping, aching, and also contact hypersensitivity (allodynia) and ''dead feeling'' (numbness) in their legs. [5] The severity may range from mild symptoms in one toe or two to continuous painful symptoms involving both legs and may even extend to the upper limbs. The extent involved may be focal or diffuse. One additional factor that contributes to the treatment dilemma of neuropathic pain is the varied response to the currently different treatments. The diverse manifestations of neuropathic pain in diabetes and various responses to current interventions imply that a number of mechanisms could contribute. Therefore, the management of painful DPN may not be one single intervention and a series of factors should be taken into consideration, one of which, as Vinik, A. and his colleagues put it in one guideline, [8] may be the distribution of pain. According to our clinical experience with management of painful diabetic neuropathy, features and severity of pain may change during the course of diabetic neuropathy while the distribution of pain is relatively invariable, which may be of some value for patient selection for surgical decompression. Thus we carry out this retrospective study to investigate the effects of surgical decompression on the outcome of painful diabetic patients and discuss the role which pain distribution plays in the management of painful diabetic neuropathy as well as the underlying mechanism involved.
Aside from traditional management including glucose control, lifestyle modification and pharmacological treatment, surgical decompression is recommended for pain relief in the recent reports [9] [10] [11] [12] [13] [14] [15] based on the ''double crush'' hypothesis. [16] Clinical observations revealed that many of the symptoms of diabetic neuropathy, including pain, are similar to those of chronic nerve compression, suggesting that entrapment of nerves may happen in the patients with diabetic neuropathy. Allowing for the currently traditional treatment dilemma on pain relief in patients with diabetic neuropathy, surgical decompression targeting superimposed compression, as an newly emerging promising approach, should be impartially taken into account.
Methods
This study is approved by the Xinhua Hospital Ethics Review Board and the forms of consent were obtained from all patients involved in this study.
Patients
A consecutive series of 306 patients (108 males and 198 females) with painful diabetic lower-extremity neuropathy, who underwent Dellon surgical nerve decompression [17] in our department from January 2008 to December 2011 was collected in this study. The control group included 92 painful DPN patients (38 males and 54 females) without surgery. The control group was mainly made up of the outpatients who refused hospitalization for surgical intervention owing to various personal reasons, most of which included fear of surgery and economic issues. Patients in the control group were all qualified for the inclusion criteria described below. According to the Wagner classification, 77 patients in surgical group (25.2%) and 26 patients in control group (28.3%) were rated as class 1 (surface ulcers and no clinical infection) before surgery. All patients had a history of type II diabetes mellitus according to 1999 WHO diagnostic criteria and showed symptoms of neuropathic pain, with high Toronto clinical scoring system (TCSS) scores. According to the definition proposed by the International Association for the Study of Pain, neuropathic pain in diabetes is ''pain arising as a direct consequence of abnormalities in the somatosensory system in people with diabetes''. [18] After reviewed the histories, we retrospectively defined the focal pain (the pain mainly confined to one to three scattered areas of the legs, dorsum of feet, the heels, the toes, or the plantar aspect of feet) and the diffuse pain (the pain is so dispersed along the affected extremities that exactly position can not be localized) and then divide the surgical group into two subgroups according to this definition. The focal pain was observed in 145 patients and the diffuse pain in the remaining 161 patients. The baseline characteristics of patients are displayed in Table 1 .
Inclusion criteria include (1) history of pain in the distribution of the posterior tibial (medial and lateral plantar surface), common and superficial peroneal (lateral calf and dorsum of the foot), or deep peroneal nerves (dorsum of the foot, first web space), (2) positive Tinel sign presented at a known site of nerve entrapment including the fibular tunnel at the lateral side of the knee, for the common peroneal nerve, the tarsal tunnel at the ankle for the tibial nerve, and the junction between the first and second metatarsals and the cuneiforms for the deep peroneal nerve, (3) Decreased two-point discrimination: the big toe pulp two-point discrimination was greater than 9 mm [19] .
Exclusion criteria include (1) presence of defined risk factors such as alcohol, nutrition, uremia and peripheral vascular disease, as demonstrated by absence of a palpable pulse, (2) previous history of cervical and lumbar spondylosis, (3) radiculopathy, (4) pedal edema.
Surgical Technique
The decompression surgery adopting Dellon triple procedures [17] were performed by the same senior surgeon (Zhang WC), with the use of microscope under continuous epidural anesthesia.
A 3 cm-long incision was made below the fibular head and the skin, superficial and deep fascia was cut. After excision of fascia above the common peroneal nerve and the peroneus longus muscle tendon, the common peroneal nerve trunk was exposed and decompressed.
A 6 cm-long curved incision was made along the medial malleolus and the skin, superficial and deep fascia was cut. After excision of the flexor retinaculum, the posterior tibial artery and veins and the tibal nerve were indentified and decompressed. Following this, the abductor halluces brevis was cut and spread to expose and divide the roof of the medial and of the lateral plantar tunnels. The medial calcaneal tunnel was then identified and decompressed. Epineurium decompression was performed if there was evidence of epineurial thickening.
A 2 cm-long incision was made longitudinally between the first and second metatarsal heads and the skin, superficial and deep fascia were cut to expose the tendon of the extensor hallucis brevis muscle. This tendon was then excised to decompress the deep peroneal nerve.
During the perioperative period, blood glucose was controlled at 6.2-8.0 mmol/L. After the patients were discharged, they were required to monitor their fasting plasma glucose every week and control their blood glucose levels to ,8.0 mmol/L.
Clinical evaluation
Careful history taking and peripheral neurological/vascular examination were completed in all patients at admission. Aside from pain as a chief complaint, some of them simultaneously presented with other sensory symptoms including numbness, tingling and so forth. Patients were additionally inquired about their functional status, normal activities, ability to work, walking distance, family history of diabetes and the use of medications.
Assessment of pain including visual analogue scale (VAS) and Brief Pain Inventory Short Form for diabetic peripheral neuropathy (BPI-DPN), of sensation including plantar big toe and small toe two-point discrimination (2-PD), of morphological changes of nerves employing high-resolution ultrasound, of electrophysiological changes performing nerve conduction velocity (NCV) on admission prior to surgery and then at 6 months intervals for two years after surgery. The follow-up was conducted mainly on an outpatient basis.
Pre and post operative evaluations were performed by two clinical residents (in charge of history taking and peripheral neurological/vascular examination), one sonographer (undertaking high-resolution ultrasound of peripheral nerves) and one technician of electrophysiology (performing the NCV tests).
The visual analogue scale (VAS) [20] , which is one of the oldest and best validated measurement (0 = no pain to 10 = worst possible pain), was used to assess the severity of diabetic neuropathic pain. All patients were asked to complete Brief Pain Inventory Short Form for diabetic peripheral neuropathy (BPI-DPN) to assess pain severity and pain interference with daily functioning. The BPI-DPN includes the four-item pain Severity scale (Worst Pain, Least Pain, Average Pain, and Pain Now) and the seven-item pain Interference scale (General Activity, Mood, Walking Ability, Normal Work, Relations with Others, Sleep, Enjoyment of Life). Each items of BPI uses a 0 to 10 numeric rating scale anchored at ''no pain,'' and 10 for ''pain as bad as you can imagine'' for Severity, and ''does not interfere'' to ''completely interferes'' for Interference [21] .
Neurosensory examination mainly included percussion over a distribution of the affected peripheral nerve (Tinel sign) and twopoint discrimination (2-PD) using the Disk-Criminator at the big and small toes for medial and lateral plantar nerves, respectively. A positive Tinel sign was taken to be a positive response that indicated either a tingling or radiating electriclike perception either into the heel, the arch, or the toes (the most common responses), or proximally up the inside of the ankle (the least common response) [22] .
Nerve conduction velocity was detected with the employment of a Denmark Medtronic EMG (DK 1 2740). The testing was performed under a quiet indoor environment with a room temperature of 25uC and skin temperature of 30uC, using surface electrodes for stimulation and recording. Bilateral motor NCVs of tibial nerve and sensory NCVs of the common peroneal nerve and superficial peroneal nerve were recorded in all patients.
High-resolution ultrasound of peripheral nerves was performed employing a Sequoia 512 ultrasound device (Siemens) with a 8-14 MHz transducer. Multislice, longitudinal, and transverse scans were made through the common peroneal nerve and the posterior tibial nerve to observe the continuity and echogeneity of the nerves. The anteroposterior diameter (Da) and transverse diameter (Dt) of the nerves were measured at the cross-section of 1.5 cm below the distal tip of fibular head (common peroneal nerve) and distal tip of medial malleolus (posterior tibial nerve). And then cross-sectional area (CSA) was calculated by the formula of S = p(Da*Dt/4) [23] .
Statistical Methods
Analysis was performed separately for patients comparing the change from preoperative levels to that of last visit (BPI-DPN, 2-PD, NCV, CSA). Data were expressed as the mean 6 standard deviation. Pearson's x 2 test and student's t-test were used with the employment of SPSS 18.0. A P value ,0.05 was considered statistically significant.
Results
Twenty-five patients in surgical groups and six patients in control group were lost during the follow-up. The differences of age, sex, course of diabetes and pain symptom between the two groups were not statistically significant (P.0.05). The average courses of diabetes mellitus were longer than the average courses of pain symptom in all groups. In some individuals, however, the onset of pain symptom came before the diagnosis of diabetes, some may even lead to the diagnosis of diabetes, in which situation other potential diseases had been excluded before the diagnosis of diabetic neuropathy. There is no statistically significant difference between surgical and control groups and, also no statistically significant difference among the three groups (focal pain group, diffuse pain group and control group) after dividing the surgical group into two subgroups regarding to the initial VAS level, 2-PD, scores in BPI-DPN, NCV and CSA (P.0.05).
Visual Analogue Scales
The VAS levels in different time points were recorded and comparison was made among the three groups to assess the outcome of surgery. (Figure 1 ) In focal pain group, the average score of VAS was 8.20 on admission and at 6 months after surgery decreased to 2.28 (P,0.01). The average pain level remained between 2 and 1 for the remainder of the study. The mean VAS pain level of patients with diffuse pain was 8.32 and decreased to 3.43 (P,0.01) 6 months after surgery, higher than that of patients with focal pain (P,0.05). The mean pain level of diffuse pain group remained between 4 and 2 with fluctuation for the remainder of the study. The average VAS of patients in control group was 8.03 at first visit and remained around 8.0 during the two-year follow-up (P.0.05). There was a statistically significant difference as to VAS level between surgical and control groups after surgery (P,0.01). The results show pain relief can be achieved through surgical decompression, especially in the patients with focal pain. and postoperative (7.3461.54 mm, 10.2461.94 mm) big toe and small toe 2-PD in diffuse pain group (P,0.05). There is no statistically significant difference between two groups with regard to both big toe 2-PD (P = 0.73) and small 2-PD (P = 0.77) after decompression. In control group, no statistically significant difference could be seen between preoperative and postoperative 2-PD of big toe (pre: 16.361.77 mm, post: 17.861.72 mm, P.0.05) and small toe (pre: 16.361.77 mm, post: 16.861.57 mm, P.0.05). A statistically significant improvement in both small toe and big toe 2-PD could be observed between surgical and control groups (P,0.05) (Figure 2 A, B) .
BPI-DPN questionnaire
The scores of all items in BPI-DPN were recorded, and the ''Mean severity'' as well as the ''Mean interference'' was compared in this study. (Figure 2 C, D) In the focal pain group, the preoperative scores of ''Mean severity'' (5.5661.14) decreased greatly after two years (0.5260.78) (P,0.05). There is also an observable decline (5.6461.07, 1.1261.01) in ''Mean severity'' two years after surgery in the diffuse pain group (P,0.05). Initial ''Mean interference'' of focal and diffuse pain group is 4.7560.86 and 4.7360.82, which decreased to 1.8861.15 (P,0.05) and 2.0061.07 (P,0.05) respectively. Statistically significant difference existed between the two groups regarding both postoperative ''Mean severity'' (P,0.05) and ''Mean interference'' (P,0.05). As respect to ''Mean severity'' (preoperative: 5.7761.05, postoperative: 5.3760.83) and ''Mean interference'' (preoperative: 4.6960.88, postoperative: 4.3660.83), there was almost no changes in control group.
Nerve conduction velocity (NCV) study
Two years after surgery, NCVs of all the patients increased significantly compared to that before surgery (P,0.05) while NCVs of patients in control group remained almost unchanged. Statistically significant difference could be observed between the surgical and control groups (P,0.05) while no statistically significant difference existed between the focal and diffuse pain group (P = 0.84) two years after surgery (Table 2) .
High-resolution ultrasonography
In all groups, fusiform swelling of the nerves, intraneural hypoecho and, disappearance of intraneural parallel and linear structure were observed by high-resolution ultrasonography. Two years after surgery, the restoration of nerve structure can be seen in both focal and diffuse pain group. More decrease of CSA was seen in patients with focal pain (P,0.05). (Figure 3) The CSA of patients in control group remained larger than that of both focal (P,0.05) and diffuse (P,0.05) pain group after surgery (Table 3) .
All patients underwent surgical decompression recovered well except that three patients suffered from surgical complications. Wound dehiscence in two patients healed within 2 months after strict blood glucose control, antibiotics administration and daily dressing change. One patient with extensive lower-leg subcutaneous hemorrhage was treated by surgical incision and drainage. In the control group, ten patients developed superficial ulcers in the lower-limb and two underwent surgical amputation during this period. None of the operated patients had developed new ulcer, ulcer progression or amputation in two-year follow-up.
Discussion
Diabetic neuropathy has traditionally been considered as an irreversible condition and the treatments are mostly symptomatic aiming to prevent the development of complications rather than to target the underlying pathologic mechanisms. [24] However, the proposal of ''double crush'' hypothesis contributed by the combination of increase endoneurial water content [25, 26] and consequent slow axoplasmic flow [27] [28] [29] offers hope to people with diabetic neuropathy and superimposed nerve compression since neurolysis of these entrapped nerves may give symptomatic relief and possess potential for reversibility. As such, over the past two decades, surgical decompression of peripheral nerves has become an increasingly popular method for treating patients suffering from painful diabetic neuropathy.
Painful DPN can be divided into two varieties: acute and chronic painful DPN. Here we mainly focus on chronic painful DPN due to its highly prevalence and the facts that acute painful DPN is relatively rare and the acute symptoms may resolve within a year. [30, 31] According to our clinical experience with management of painful diabetic neuropathy, pain is a heterogenous sensation and patients may describe their symptoms in markedly different ways. Features and severity of the pain may change with the development of diabetic neuropathy while the extent of pain is relatively invariable, which may be of somewhat value. We observed that some patients with painful DPN localized their pain mainly to the scattered areas of the legs, dorsum of feet, the heels, the toes, or the plantar aspect of feet while some others complained the pain was so dispersed that it even involved the whole lower limbs and the exact position could not be localized. Inspired by one previous guideline [8] , we retrospectively defined the former as focal pain and the later as diffuse pain, and divided a series of 306 painful diabetic patients who underwent decompression surgery into two subgroups in the light of this definition. In this study we firstly compared the surgical result between surgical group and control group and, confirmed the efficacy of these decompression surgeries. Then we compared the surgical result of pain relief in patients of surgical group, revealing different responses of patients with focal and diffuse pain to the surgical decompression: people with focal painful DPN show a greater potential to achieve pain relief. Morphologically, in addition, better ultrasound restoration could be observed in focal pain group than diffuse pain group.
The answer to the question of ''what is the pathophysiology behind the distinct reaction to the decompression between patients with focal or diffuse painful DPN'' should be started with the mechanisms of neuropathic pain in diabetes. Although the exact pathophysiological mechanisms of neuropathic pain in diabetes remain enigmatic, several mechanisms including peripheral and central mechanisms have been postulated based on the result of experiments in animal model of neuropathic pain. [32] [33] [34] [35] [36] It is suggested that all levels of the nervous system, from peripheral nerve to the brain, were affected by the diabetic neuropathy. [37] Both metabolic and mechanical (compressive) mechanism may be the source of the painful symptom.
Diabetes causes deposition of collagen in the small arteries that supply the peripheral nerves, hypothetically resulting in a lengthdependent sensorimotor neuropathy. Increased aldose reductase Figure 2 . Graphs illustrate results of two-point discrimination and BPI-DPN in all groups. A, B, both surgical groups show marked decline in plantar big toe and small toe 2-PD while no apparent improvement can be observed in the control group; C, both surgical groups exhibit significant alleviation in pain severity through surgery while the control group remained at nearly the same level of mean severity of pain; D, decrease in the mean activity interference was displayed in both surgical groups and almost no changes existed in the control group. doi:10.1371/journal.pone.0109827.g002 activity in diabetes converts glucose to sorbitol, which is hydrophilic and draws water into the nerve, rendering the peripheral nerve susceptible to mechanical compression and decreasing the slow axoplasmic transport in the diabetic nerve. As a consequence, proteins for structural repairs could not be transported to the impaired site within the diabetic nerve. [38] Injured peripheral nerve fibers give rise to the intense and prolonged input of ectopic activity to the central nervous system. After that, neurons in the spinal and the brain may change their response characteristics and exhibit signs of hyperexcitability in a fashion, mimicking that presented after peripheral nerve injury [39] . Given all that above, in the early stage of some cases, nerve thickening is suggested to play a fundamental role in the pathophysiology of painful diabetic neuropathy, with a manifestation of focal pain. As such, it is conceivable that entrapment of affected nerves at sites of anatomic narrowness may occur, which could be treated through surgical decompression. As the compression continues, however, neuroplastic changes in central nervous system happen after reorganization of structures participating in the processing of noxious information, which may present with diffuse pain in certain patients. The management is rather complicated. Aside from the current medical therapies including tricyclic antidepressants, the serotonin and noradrenaline re-uptake inhibitor and anti-convulsants, and so forth, an unmet need still exists for pharmacological agents targeting the underlying mechanisms due to the ineffectiveness and the side effects of the available drugs. In this study, the severity of pain, two-point discrimination, NCV results and morphological changes (SCA) of compressed nerve were all improved in surgical group when compared to the control group. Furthermore, there is no significant difference between the focal and diffuse pain groups regarding the results of two-point discrimination and NCV testing, which was increased by 15-20% after nerve decompression. (Table 2 ) Therefore, surgical decompression is also encouraged among the patients with diffuse painful DPN when the Tinel sign is positive, which indicates the existence of entrapment and regeneration of axons [40] .
The limitations in our study include: (1) although being queried on admission, non-surgical treatment such as pharmacotherapy of neuropathic pain was not precisely measured among all the patients due to the retrospective nature of this study. For this reason, preoperative evaluation including pain levels was performed with both VAS and BPI-DPN and no significant difference was observed. ( 2) The specific definition of the focal and diffuse pain. Although extent of pain in most patients is relatively invariable, parts of patients would experience both focal and diffuse pain during the course of painful DPN. The phenotype of pain was decided on admission prior to surgery. Further prospective, randomized and controlled trial with blinded study executers and observers is needed to verify the role of peripheral nerve decompression in patients with painful DPN and further elucidate the role which pain distribution and characterization play in managing painful diabetic neuropathy as well as the underlying mechanism involved.
Allowing for the mixed results reported and the continuing controversy among researchers as to the effectiveness of nerve decompression surgery on DPN, [9, 10, 12, 13, 15, 17, [41] [42] [43] [44] [45] [46] patient selection for surgery becomes increasingly critical through the long march to definitely delineate and confirm the place for nerve decompression. Distribution of pain indeed plays a practical role in predicting the response of painful DPN to the surgery according to the result of this study.
Conclusions
The results of this study continue to support the efficacy of decompression of multiple lower-extremity peripheral nerves in patients with painful diabetic neuropathy who presented with a positive Tinel sign. Favorable outcomes could be achieved in treating focal painful DPN through surgical decompression, which would also be helpful and should not be abandoned in diffuse painful DPN in the presence of Tinel sign.
